INTRODUCTION
============

Neurodevelopmental disorders, including attention-deficit/ hyperactivity disorder (ADHD) and autism spectrum disorder (ASD), represent a broad spectrum of pathologies characterized by disruption of brain development \[[@ref1]\]. With a prevalence of up to 5% \[[@ref2]\] and 2% \[[@ref3]\], respectively, ADHD and ASD appear to be the most prevalent neurodevelopmental disorders with a higher incidence in males \[[@ref4]\]. Despite a distinct clinical appearance, ADHD and ASD are characterized by certain similarities including impaired sensory processing, sleep disorders, and anxiety \[[@ref5]\]. Moreover, ADHD frequently co-occurs in ASD \[[@ref6]\]. It is proposed that ADHD and ASD may represent a single pathogenetic continuum \[[@ref5]\].

Environmental factors \[[@ref7]\], including nutrition \[[@ref8]\], play a significant role in neurodevelopmental disorders. Particularly, children with ADHD \[[@ref9]\] and ASD \[[@ref10]\] are characterized by an impaired nutritional status. Existing data demonstrate a potential role of trace element, mineral, vitamin, and other micronutrient deficiencies in neurodevelopmental disorders due to their function in brain development \[[@ref11]\].

Magnesium (Mg) is an essential element for child growth, and the recommended daily allowances for children aged 1--3, 4--8, and 9--13 years old are estimated at 80, 130, and 240 mg, respectively. Mg regulation occurs through a balance between absorption, excretion, and redistribution from bones, and the element is involved in multiple processes \[[@ref12]\] including brain development and functioning \[[@ref13]\]. Multiple studies have assessed Mg status in ADHD, although with conflicting results at times \[[@ref14],[@ref15]\]. However, data on Mg levels in children with ASD are limited. Mg content in the hair has been shown to be inversely associated with autism severity in an Indian cohort of children with ASD \[[@ref16]\]. It is proposed that impaired Mg status may be associated with both ADHD and ASD \[[@ref17]\]. Moreover, Mg supplements are also used as a complementary therapy in children with both ADHD \[[@ref18]\] and ASD \[[@ref19]\]. However, the potential interactive effects of ADHD and ASD on Mg status have not been studied.

In view of ADHD and ASD comorbidity, as well as the role of Mg in both ADHD and ASD, it is hypothesized that impaired Mg status may provide a link between these neurodevelopmental disorders, explaining the occurrence of hyperactivity in ASD. Therefore, the objective of the study was to assess serum, hair, and urinary Mg levels in children with ADHD, ASD, and both ADHD and ASD.

METHODS
=======

The protocol of the study was approved by the Local Institutional Ethics Committee at Yaroslavl State University (Yaroslavl, Russia; approval no. 12/3-21.12.2018) in agreement with the principles of the Declaration of Helsinki (1964-2013). All children and their parents participated in the investigation on a voluntary basis. The informed consent form was signed by the parents. All procedures including anthropometric hair and blood sampling were performed in the presence of one of the parents.

A total of 148 boys aged 4--9 years old were enrolled in the present study including 44 children with ADHD, 40 pediatric patients with ASD, 32 patients with both ADHD and ASD, as well as 32 healthy neurotypical children. No significant group difference in age, weight, height, and body mass index (BMI) was observed between the study groups ([Table 1](#T1){ref-type="table"}). The data on ADHD (ICD-10: F90.0) and ASD (ICD-10: F84.0) diagnosis were extracted from the children's clinical records. ADHD was diagnosed using ICD-10 recommendations including inattention, hyperactivity, and impulsivity (not less than 3 symptoms of each). The Childhood Autism Rating Scale (CARS) was also used for validation of ASD diagnosis. ASD was also diagnosed using the following ICD-10 criteria: impaired development before the age of 3 years; impaired social interaction; abnormalities in communication; restricted, repetitive, and stereotyped behavior; and interests not attributable to other pervasive developmental disorders.

###### 

Age and anthropometric parameters of the examined children

  Parameter       Control        ADHD            ASD             ADHD+ASD        p values ANOVA           
  --------------- -------------- --------------- --------------- --------------- ---------------- ------- -------
  Age (yr)        5.69±1.38      5.86±1.72       5.48±1.45       5.38±1.31       0.201            0.289   0.213
  Weight (kg)     22.58±4.90     23.07±6.25      25.41±14.20     22.59±7.95      0.855            0.905   0.413
  Height (cm)     118.90±11.60   119.70± 10.91   119.74± 17.29   118.09± 14.09   0.521            0.380   0.802
  BMI (kg/m^2^)   15.95±2.60     15.84±2.15      16.71±3.50      15.89±2.91      0.503            0.486   0.477

Data are expressed as mean±standard deviation; no significant group difference was observed (p\>0.05). ADHD: attention-deficit/hyperactivity disorder, ASD: autism spectrum disorder, BMI: body mass index, ANOVA: analysis of variance

Blood serum was obtained through blood centrifugation at 1,600×g for 10 minutes with an EBA 200 (Hettich, Kirchlengern, Germany) centrifuge. Urine samples were collected by the parents using Vacuette® urine collection cups (Greiner Bio-One International AG, Kremsmünster, Austria). The proximal parts of hair strands (0.05--0.10 g) were collected using ethanol-precleaned stainless steel scissors from the occipital region with subsequent acetone-water washing.

Serum and urine samples were diluted with a diluent (1:15 v/v) containing (v/v) 1% 1-butanol (Merck KGaA, Darmstadt, Germany) and 0.1% Triton X-100 (Sigma-Aldrich, Co., St. Louis, MO, USA) in 18.2 MΩ distilled deionized water (Labconco Corp., Kansas City, MO, USA) acidified with 0.07% HNO3 (Sigma-Aldrich, Co.) (pH=2). The hair samples were subjected to microwave digestion in Berghof SpeedWave-4 (Berghof Products & Instruments, Eningen, Germany).

Hair, serum, and urinary Mg levels were assessed using inductively-coupled plasma mass spectrometry (ICP-MS) at NexION 300D (PerkinElmer Inc., Waltham, MA, USA) equipped with ESI SC-2 DX4 autosampler (Elemental Scientific Inc., Omaha, NE, USA). The certified reference materials of human hair GBW09101 (SINR, Shanghai, China), plasma (ClinChek® Plasma Control, RECIPE Chemicals+ Instruments GmbH, Munich, Germany) and urine (ClinChek® Urine Control) were used for laboratory quality control.

Statistical analysis was performed using Statistica 10.0 software (StatSoft, Tulsa, OK, USA). Distribution normality was assessed using Shapiro-Wilk and Kolmogorov-Smirnov tests. Data on hair, serum, and urine Mg levels were expressed as median and the respective interquartile range (IQR) due to skewed distribution. The initial values were log-transformed for further processing with repeated distribution analysis. Group comparisons were performed using analysis of covariance (ANCOVA) adjusted for age and anthropometric parameters (weight, height, BMI) with subsequent Bonferroni correction for multiple testing for the group mean comparisons of log-transformed serum and hair Mg levels. As the logtransformed data on urinary Mg levels did not reach log-normal distribution, group comparison was performed using nonparametric Kruskal-Wallis test with adjustment for multiple comparisons. Factorial analysis was performed using two-way ANCOVA using log-transformed data. The results of the tests were considered significant at p\<0.05.

RESULTS
=======

The obtained data showed that the patterns of Mg status depended significantly on the studied samples ([Fig. 1](#F1){ref-type="fig"}). No significant group difference in serum Mg levels was observed when compared to that in the control group. Hair Mg content was found to be reduced in children with ADHD and ADHD+ASD compared to the controls by 11% and 15%, respectively. It is notable that no significant group difference in hair Mg content was observed between children with ADHD or ASD. Urinary Mg levels in children with ADHD+ASD exceeded the control, ADHD, and ASD values by 51, 76, and 65%, respectively.

![Serum (A), hair (B), and urinary (C) magnesium levels in children with ADHD, ASD, as well as neurotypical controls. Data expressed as median (line), IQR (box), and non-outlier range (whiskers). p values are provided according to Bonferroni corrected ANCOVA (A, B) or Kruskal-Wallis test (C), being considered significant at \*p\<0.05. ADHD: attention-deficit/hyperactivity disorder, ASD: autism spectrum disorder, IQR: interquartile range, ANCOVA: analysis of covariance, Mg: magnesium.](JKACAP-31-041-f1){#F1}

Factorial analysis using two-way ANCOVA ([Table 2](#T2){ref-type="table"}) demonstrated that although ADHD and ASD did not affect serum Mg levels, factorial interaction (ADHD×ASD) had a nearly significant effect (p\<0.10). In contrast, ADHD had a significant effect on hair and urinary Mg levels, whereas ASD did not have any factorial influence.

###### 

Assessment of the impact of ADHD, ASD, or factorial interaction (ADHD×ASD) on serum, hair, and urinary Mg levels

  Factor     Serum Mg   Hair Mg                                 Urine Mg
  ---------- ---------- --------------------------------------- ---------------------------------------
  ASD        0.482      0.604                                   0.151
  ADHD       0.395      0.025[\*](#t2f1){ref-type="table-fn"}   0.021[\*](#t2f1){ref-type="table-fn"}
  ADHDxASD   0.057      0.913                                   0.532

Data expressed as p values;

the factorial effect is significant at p\<0.05. ADHD: attention-deficit/hyperactivity disorder, ASD: autism spectrum disorder, Mg: magnesium

Correlation analysis demonstrated that only hair Mg content was weakly but significantly associated with age values (r=0.163; p=0.026), whereas no other significant associations with anthropometric parameters were revealed (data not shown).

DISCUSSION
==========

This study provides unique data on comparative analysis of Mg status in children with ADHD and/or ASD. Generally, the revealed associations between hair (inverse) and urinary (direct) Mg levels and neurodevelopmental disorders may be indicative of increased Mg excretion in children with ADHD and ASD, ultimately leading to a reduced Mg burden in the body. The lack of significant alterations in serum Mg levels may occur due to homeostatic regulation aimed at maintenance of circulating Mg levels through modulation of absorbance, excretion, and tissue redistribution (especially bones) \[[@ref20]\].

The current findings generally agree with the earlier indications of altered Mg status in ADHD and ASD. Particularly, Mg deficiency was found to be prevalent in 65% of examined Egyptian children with ADHD and also correlated with impulsivity, hyperactivity, and inattention \[[@ref21]\]. Moreover, the first detailed study of Mg status in ADHD also revealed Mg deficiency in 95% of children with ADHD \[[@ref22]\]. Results of the most recent meta-analysis have demonstrated that children with ADHD have 0.105 mmol/L lower serum Mg levels than in neurotypical controls \[[@ref15]\]. Furthermore, hair Mg content is also lower in children with ADHD than in healthy chil-dren, as estimated by another recent meta-analysis \[[@ref23]\]. In contrast to the above, Irmisch et al. \[[@ref14]\] demonstrated that the blood serum Mg levels in German children with ADHD exceeded the control values. Although certain indications of the potential effects of Mg supplementation in ADHD exist, recent meta-analyses demonstrate the lack of systematic data \[[@ref19]\].

Indications of altered Mg status in ASD are less prevalent. Particularly, a significant severity-associated decrease in hair Mg levels was observed in Indian children with ASD \[[@ref16]\]. A recent meta-analysis demonstrated reduced hair Mg levels in ASD \[[@ref24]\]. Examination of a limited sample of Italian children with ASD demonstrated that plasma Mg levels were significantly lower in children with autism than in healthy controls \[[@ref25]\]. Correspondingly, examination of Nigerian children with ASD revealed a significant 25% decrease in serum Mg compared to neurotypical controls \[[@ref26]\]. We have also revealed that serum Mg levels in ASD are inversely associated with neuroinflammation \[[@ref27]\]. The observed lack of increase in serum or hair Mg levels in children with ASD, at least partially, corresponds to the observation of higher Mg intake in autistic children \[[@ref28]\]. Although certain indications of Mg supplementation efficiency in ASD exist, no systematic data are available \[[@ref18]\].

Mg is considered as an important player in neurodevelopment and neuronal maturation \[[@ref13]\] and may modulate the pathogenetic mechanisms of both ADHD and ASD development. Particularly, Mg treatment can reduce neuroinflammation \[[@ref27]\] and excitotoxicity \[[@ref28]\]. It may also interact with dopamine signaling, thus providing a link between Mg status and ADHD \[[@ref29]\]. Moreover, adequate Mg levels support plasticity and interconnectivity \[[@ref13]\].

This study had a few limitations worth mentioning. First, the disease severity was not monitored, although it could be beneficial to reveal any association between Mg status and adverse neurodevelopment. Moreover, monitoring of Mg dietary intake could have provided additional insight into the causes of the observed alterations.

CONCLUSION
==========

The obtained data demonstrate that children with both ASD and ADHD are characterized by more pronounced alterations in hair and urinary Mg levels compared to healthy control children. An impaired Mg status may predispose children to more complex neurodevelopmental disorders including ADHD and ASD comorbidity. However, further studies are required to clarify the mechanisms linking impaired Mg metabolism and neurodevelopmental disorders.
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